Interfacial phenomena between liquid iron and solid CaO is important due to the extensive use of solid CaO in steelmaking processes. In this study, the dynamic change in surface tension and contact angle of liquid iron (Fe-4mass%C-S) on CaO substrates during desulfurization was investigated at 1 623 K using a sessile drop technique with varying initial sulfur content (0.002-0.514 mass%). In addition, an electron probe microanalysis (EPMA), a field emission scanning electron microscope (FE-SEM) and an atomic force microscopy (AFM) were applied to investigate the interface between metal and substrates and the surface of the solid substrates. The surface tension increased rapidly just in a few minutes, and then approached an easy constant slope in every experiments. The contact angle decreased considerably with time for most samples, approaching a constant value. Exceptionally, the sample initially containing 0.002 mass% sulfur showed just slight decrease in contact angle. Based on experimental results, the dynamic reactive change in the work of adhesion of liquid iron on solid CaO was computed. The work of adhesion was increased by both the increase in the surface tension and the decrease in the contact angle. Especially, the change in the work of adhesion in the initial stage of desulfurization was considerable.
Introduction
In steelmaking processes such as hot metal pretreatment and secondary refining, CaO based fluxes have been widely used as desulfurizing agents, 1) and in most cases desulfurization of hot metal has been conducted by a powder injection technology. During the CaO powder injection for desulfurization, the behavior of injected CaO particles is very complex and may be affected by the interfacial properties between gas bubble, liquid iron and solid CaO. There have been a number of researches on desulfurization using the powder injection technology. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] The previous researches have concentrated on the total reaction rates of desulfurization and have made efforts to improve the efficiency of desulfurization by increasing the fluidity of the additives or product layers. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] However, the behavior of injected particles at the gas/metal interface has not been clarified yet.
In the present study, the change in interfacial properties such as surface tension and contact angle between gas, liquid iron (Fe-4mass%C-S) and solid CaO during desulfurization are measured using a sessile drop technique as a fundamental research to understand the behavior of CaO particles during the powder injection.
Experimental
A schematic diagram of the experimental apparatus is demonstrated in Fig. 1 . The apparatus used for the sessile drop measurements was the same as that of our previous studies. 12, 13) In the present work, an iron sample droplet weighing 0.3-2.0 g installed in an alumina crucible with a hole (diameter: 3-5 mm) at the bottom side, was located about 10 mm above a CaO substrate at the center of a reaction chamber at 1 323 K. The surface roughness of the CaO substrate was measured with an AFM (Atomic Force Microscopy), and the RMS (Root Mean Square) number was 0.112 mm. The chemical composition of the CaO sub-strate is shown in Table 1 . After the sample was settled, the reaction chamber was sealed and flushed by flowing purified Ar gas at a flow rate of 300 mL/min STP for 3 h. Then, by increasing temperature, the iron sample droplet was melted and shaped as a sessile drop in the alumina crucible. It took about 0.5-1 h for a sample to drop onto a CaO substrate at 1 623 K. Then, the shape of the liquid iron on the CaO substrate was investigated and recorded using a digital video camera with a zoom lens for 0.1-5 h, and then some selected still images were used to calculate the surface tension and the contact angle with a computer program. 14) After experiments, the cross section of the samples and the topside of the substrates were investigated using an electron probe microanalysis (EPMA, 15 kV, 30 nA) and a field emission scanning electron microscope (FE-SEM, 10 kV, 10 mA). In addition, carbon and sulfur contents were analyzed before and after experiments for some selected samples with an IR adsorption analyzer. The carbon content changed from 4.5 to 4.0 mass% during the experiments. However, the effect of decrease in carbon content on the surface tension was negligible in this investigation compared with that of sulfur content decrease. 13) The overall reaction of desulfurization of liquid iron (Fe-4mass%C-S) by solid CaO is expressed as Eq. According to Eq. (2), CO gas may be generated between liquid iron and the CaO substrate (p CO ϭ1 atm) when the sulfur content in liquid Fe-4mass%C alloy is higher than 57 ppm. If the sulfur content is lower than 57 ppm, CO gas generation may occur preferentially at around the gas/ metal/substrate triple line, where p CO becomes lower than 1 atm by the dilution with Ar gas. Since the samples used in the present work usually contain sulfur higher than 57 ppm (except the sample A), the sample size should be small enough to prevent any accumulation of CO gas at the interfaces, but not too small to investigate change in surface tensions. Several experiments were conducted with large samples to verify the accumulation of CO gas at the interface. As shown in Fig. 2 , with a large sample of high initial sulfur content (2.0 g, 0.245 mass% S) enlargement and explosion of the sample were investigated, which might be caused by CO gas accumulation at the metal/substrate interface. For the samples of about 0.3-0.5 g, no CO gas accumulation was observed. It is considered that for these samples CO gas (or O) might have penetrated through interface or boundary layer.
Results

Visual Observation of the Initial Wetting
Due to the difficulty in investigating the initial wetting of the injected CaO powder at the surface of liquid iron, the initial wetting was investigated by dropping liquid iron on a solid CaO substrate. Figures 3 and 4 show the initial motions (dropping, impacting, rebounding and suspending on the CaO substrate) of the sample C of 0.016 mass% S and the sample I of 0.245 mass% S, respectively. In these figures, the time when iron samples dropped from an alumina crucible was defined as tϭ0. The iron sample dropped onto the CaO substrate in an approximately spherical shape and remained as a single sessile drop during the reaction. The sample C rebounded and suspended on the CaO substrate for about one second and then established the shape of a sessile drop with a contact angle of about 140 degree, so that it is considered that the interaction between liquid iron and the CaO substrate is not so strong without reactions. On the other hand, the sample I, which may have a lower surface tension value, did not rebound on the CaO substrate. Deo 1) reported that majority of injected particles (over 60 %) during the powder injection would be trapped inside the gas bubbles owing to frictional or surface tension forces, and from the results of the present work it can be speculated that with increasing surface tension the possibility for a particle to be trapped inside a gas bubble will increase.
Interfacial Properties in the Initial Wetting
In order to evaluate the wettability of the injected CaO powder on liquid iron and the possibility of penetration of the powder through the gas/metal interface during the powder injection, it is very important to evaluate the interfacial properties in the initial wetting of liquid iron on CaO substrates. Experimental data such as surface tension, contact angle and interfacial tension at initial contact are summarized in Table 2 . Since a short period of time is needed for a metal to react with solid substrate, the change in the surface tension of the substrate by forming CaS at a gas/metal/substrate triple line in the initial wetting was ignored. Figure 5 shows the surface tension of liquid iron as a function of sulfur content in logarithmic scale. Experimental results were very close to the static value estimated in our previous study.
13 ) The interfacial tension (s SL ) was obtained by Young's equation. 15) In Fig. 6 , interfacial tension is shown as a function of sulfur content in logarithmic scale. It is found that both the surface tension and the interfacial tension at the initial wetting decreased almost linearly with increasing sulfur content in logarithmic scale. Fig. 7 . In the present study, samples were categorized by the sulfur content into three groups: Group I (A), Group II (B-G) and Group III (I-M). As shown in Fig. 7 , the surface tension increased rapidly just in a few minutes, and then approached an easy constant slope. From the fact that the surface tension increased with increasing time, sulfur content in iron is considered to have decreased. The sulfur contents in some selected samples were analyzed after experiments. In Table 3 , the sulfur contents of selected samples by a chemical analysis and by calculation from the surface tension are presented. Although the sulfur contents in the beginning show reasonable accordance with the values calculated from the surface tension as shown in Fig. 5 , the sulfur contents by chemical analysis after experiments are much higher than those calculated from the surface tension at the end of experiments.
13) Therefore, it is considered that a concentration gradient in the metal side boundary layer increased when the surface tension dramatically increased.
In Fig. 8 , variation of contact angle is shown with time. The contact angle is expected to increase with lowering the sulfur content, if the interface or surface properties of the substrate would not change by reactions according to Table  2 . However, for the samples of Groups II and III, the contact angle monotonically decreased, which is considered to be due to the change in interfacial tension between liquid iron and substrates, i.e., it is expected that new product layers have been formed gradually between liquid iron and CaO substrates, 17) or fast mass transfer have occurred through the interface to decrease the interfacial energy. 18) The product layer of CaS was investigated with EPMA and FE-SEM. Details will be presented in the next section. On the other hand, the sample A of Group I shows only slight change in contact angle, even though surface tension value increased. It can be considered that the initial sulfur content of the iron was too low for the product layer to cover the entire triple line spreading outside, even though reactions might occur at the triple line preferentially. as shown in Fig. 9(a) (6) where P denotes the product (Fig. 9(c) ). The contact angle of pure iron with CaO and that with CaS at 1 823 K have different values of 132 and 87, respectively. 19) By an additional experiment in the present study, the contact angle between Fe-4mass%C-0.0030mass%S and CaS was measured as 98 degree, while the initial contact angle between the sample A (Fe-4mass%C-0.0024mass%S) and CaO was 147 degree at 1 623 K. It is found that the contact angle of the dynamic reactive wetting are higher than 98 degree in 60 min, so that it is considered that in the initial several minutes the amount of the CaS product spreading outside the triple line can be ignored.
Investigation at the Metal/Substrate Interface
For a better understanding of the dynamic reactive wetting, the cross section of the sample assembly and the topside of the substrate were investigated using FE-SEM and EPMA analyzers. In Fig. 10 , EPMA images of the cross section for the sample K (Group III) without CO gas accumulation is shown. A CaS layer of about 30 mm thick between liquid iron and the CaO substrate was found. However, in the cross section for the samples of Group II, the CaS layer was not observed by EPMA or very thin film of CaS (less than 1 mm) was partially observed by FE-SEM (Fig. 11) . It is considered that a shallow CaS product layer may have fallen apart from the interface in preparation for investigation. For such samples, we examined the CaO substrate from the topside after removing iron drop. Figure 12 shows EPMA images from the topside of the CaO substrate 15 min after reaction with the sample B (0.013 mass% S). It was clearly observed that CaS was formed at the almost entire interface between iron and the CaO substrate, but certification of the existence of CaS at the triple line was impossible with EPMA. The diameter of the interface of the sample B is about 5.1 mm (dotted line in Fig. 12 ), which supports that even if a CaS product might exist at the triple line (this is thermodynamically reasonable because the driving force to make CaS at the triple line is much higher than that at the interface) the thickness of the CaS product layer near the triple line would be much shallower because the triple line spreads outside ( Fig. 9(b) ).
Discussion
Possibility of CaO Particle Penetration
Whether injected CaO particles penetrate a gas/metal interface is very important practically, because it may decide the reaction sites and area; (1) metal/CaO interface or (2) bubble/metal/CaO interface.
For an injected particle, we can consider the following force balance after Engh et al. 20) as shown in Fig. 13 . Pressure and drag force .... (10) (a factor that corresponds to the wettability and wetting area; 22 (non-wetting) -12 (wetting))
(a factor that corrects the deviation from the spherical shape and the change in the cross-sectional area) V o , d P , r CaO , r Fe and F denote the initial velocity, the particle size, the CaO density, the iron density and the friction factor (0.5).
In Fig. 14 , the penetration velocity calculated is shown as a function of sulfur content. The penetration velocity increased with decreasing sulfur content and particle size. As a typical example, the gas injection rate of 2 m 3 /min in a practical operation amounts to the gas velocity of 16 m/s at STP and 87 m/s at 1 623 K with a 25.4 mm diameter lance. Engh et al. 21) found that the particle velocity is approximately 40 % of the gas velocity by use of a water model with four kinds of particle materials of various sizes. Applying to this model, the particle velocity in hot metal pretreatment is calculated as 35 m/s. Then, particles larger than 1 mm may penetrate into liquid iron, whereas those smaller than 0.1 mm may rebound on the metal surface and be trapped inside the gas bubble in this condition.
Dynamic Reactive Wetting
Energy balance at the triple line is considered to explain wetting of liquid metal on a solid substrate. The work of adhesion (energy needed to separate liquid iron from the substrate, or vice versa) at static state can be expressed by Eq. (11). (11) where W, s and q are work of adhesion, surface (or interface) tension and contact angle, respectively. Similarly, we may assume that the work of adhesion in a dynamic reactive wetting is given as Eq. (12) . 1ϩcos q (d) where (d) denotes a dynamic reactive system. Precisely, the work of adhesion in a dynamic reactive system is the apparent mean value at a triple line, because product and substrate materials may coexist at a triple line and the entire interface may not be uniform. In the present study, it was impossible to investigate the triple line during reactions. Nevertheless, with the values of surface tension and contact angle, we can calculate the apparent work of adhesion in a dynamic reactive state. (At least, this concept may be valid in the initial several minutes, which is practically important.) The dynamic change in the work of adhesion is shown in Fig. 15 . It is found that the dynamic work of adhesion increases with time, and approaches almost a constant value. The work of adhesion was increased by both the increase in the surface tension and the decrease in the contact angle, as expected from Eq. (12) . Here, it is noteworthy that the initial and final works of adhesion for the samples of Group II and III are almost the same, which suggest that the initial and final work of adhesion depends on the substrate materials (CaO and CaS), but not on the sulfur content. However, the inclination of the work of adhesion in the initial stage increased with increasing sulfur content, except for the sample G. Wu et al. 18) suggested that the work of adhesion in a dynamic reactive stage is the sum of the work of adhesion in equilibrium (W (equilibrium) ) and the additional energy by chemical reactions (DW (reaction) ) as described by Eq. (13) .
From Eq. (13), one may consider that if the formation of a new product (or mass transfer to form a new product) is considerably fast, the dynamic work of adhesion increases. Simply, we may consider that the reaction rates increase with the initial sulfur content if the mass transfer in the metal side boundary layer is the rate-determining step, i.e., (DW (reaction) ) in Eq. (13) increases with the initial sulfur content. Accordingly, the increase of the slope in the work of adhesion at the beginning may be affected by the reaction rates of desulfurization. The change in the work of adhesion in the dynamic reactive system is effected by both the change in surface tension of liquid iron (s LV(d) ) and that in the contact angle (1ϩcos q) as described in Eq. (12) . (The last term is related to the interfacial tension.) In order to clarify the effect of contact angle and surface tension terms on the dynamic reactive work of adhesion, the changes in (1ϩcos q) and the surface tension has been drawn in Fig. 16 . Here, the changes in the work of adhesion (DW), contact angle (D(1ϩcos q)) and the surface tension (DST) when tϭt are defined as Eqs. (14), (15) and (16), respectively. The effect of contact angle is much higher than that of surface tension when t Ͼ60 min (Fig. 16(a) ). In the initial stage, however, the dominant effective variable differs with the initial sulfur content, i.e., the change in the work of adhesion of the sample E and F (Group II) is caused by that in the contact angle and the surface tension simultaneously (or mainly that in the contact angle), while that of the sample K (Group III) is caused by that in the surface tension dominantly. Therefore, we may conclude that the change in the work of adhesion is generally determined by the change in the contact angle, but that in the initial stage is affected also by the change in the surface tension, especially for the samples of higher initial sulfur content, which may be related to the increase in the reaction rates.
Conclusions
Dynamic behavior of liquid iron (Fe-4mass%C-S) on CaO substrates during desulfurization has been investigated to understand the behavior of CaO particles at gas/metal interface during the powder injection.
(1) The surface tension and the interfacial tension at the initial wetting decreased almost linearly with increasing sulfur content in logarithmic scale.
(2) During desulfurization, the surface tension increased rapidly just in a few minutes, and then approached an easy constant slope in every experiment. The contact angle decreased considerably with time for most samples, approaching a constant value. However, the sample initially containing 0.002 mass% sulfur showed just slight decrease in contact angle.
(3) When the liquid iron wetted on the solid CaO, a new product layer of CaS was formed on the almost entire CaO surface.
(4) The dynamic work of adhesion increased by both the increase in the surface tension and the decrease in the contact angle.
